The intent of this study was to optimise conditions for the use of 125 IUdR in the treatment of cancer. The radiopharmaceutical plus a biomodulator, methotrexate (MTX) was delivered by intra-tumoral injection of a thermosensitive hydrogel forming a slow release depot of 125 IUdR and MTX in the tumor.
INTRODUCTION
Approximately 20,000 patients are diagnosed with gliomas each year in the United States. The majority of these are malignant, comprising glioblastomas (GBM) and anaplastic astrocytomas as well as other less common variants). GBM is the most common and most aggressive subtype. Low-grade gliomas also have the potential to become highly malignant neoplasms [1] . Advances in neurosurgical techniques [2] and novel approaches to increasing the effectiveness of radiotherapy which have been tried include interstitial and stereotactic brachytherapy [3] , radiosurgery [4] , immunotherapy [5] , boron-capture therapy [6] , molecularly targeted agents [7] , and gene therapy [8] . In spite of the continuing research into innovative therapies the combination of surgery, radiation, and temozolomide chemotherapy remains the mainstay of treatment for highgrade gliomas [1] . The fundamental problem lies in the difficulty of total removal or effective eradication of the tumor and this situation motivates the search for alternative treatment modalities for targeting and selective killing of tumor cells.
One of the major challenges of chemotherapy for GBM is the achievement of adequate drug concentration within the tumor itself. The blood-brain barrier, although often impaired in areas of bulky tumor, still acts as a barrier against many drugs, particularly in the periphery of the tumor, which is often highly infiltrative. For this reason a variety of alternative delivery methods have been evaluated. One *Address correspondence to this author at the Radiation Oncology, Montreal General Hospital, 1650 Cedar Avenue, Montréal, Québec H3G 1A4, Canada; Tel: 514 934-1934, Ext. 44161; Fax: 514 934-8229; E-mail: shirley.lehnert@mcgill.ca approach is selective increase of drug concentration in the tumor achieved by intralesional drug injection which can enhance both cytotoxicity and sensitization of the tumor cells while reducing normal tissue toxicity. The concept of biodegradable polymers for intratumoral controlled drug release was developed in the early 1970s. Of several polyanhydride-based controlled release systems that have been developed, one of the most successful is the copolymer of bis(p-carboxyphenoxy) propane (CPP) and sebacic acid [9, 10] . Wafers of this co-polymer impregnated with carmustine, a nitrosourea compound (Gliadel wafers; MGI Pharma, Bloomington, Minnesota) placed into the surgical cavity after tumor resection, have been modestly effective [11] .
Results obtained with biodegradable polymers have been promising, but these devices have the disadvantage that insertion requires surgical intervention and, although in some cases, this can be done when the tumor is resected during the course of conventional treatment, dependence on an invasive procedure remains a drawback. Another mode of intratumoral drug delivery, biodegradable microspheres avoids the need for surgery for insertion since they can be introduced by intra-tumoral injection [12, 13] . However, microspheres do not form a continuous film or solid implant with the structural integrity needed for certain prostheses and, they may be poorly retained under certain circumstances because of their small size, discontinuous nature and lack of adhesiveness. During the last decade, injectable in situ gelforming systems have received increased interest in drug delivery and tissue engineering. These devices can overcome many of the problems associated with polymers or microspheres in that they are both injectable and produce solid biodegradable implants with a range of mechanical characteristics in terms of rigidity and load bearing making them compatible with both soft and hard tissues [14] [15] [16] . In the study described here we have used a chitosan polymer to formulate a biodegradable and biocompatible implant for controlled delivery of a radiopharmaceutical in a slowrelease manner directly into a intra-cranial implant of a rat glioblastoma.
Iodine-125 is a prolific emitter of low-energy (<1 keV) electrons (~20 electrons per decay) that dissipate their energy typically within nanometer distances from the decay site [17] . As a result, when 125 I decays in close proximity to DNA the biological toxicity resembles that of high-LET radiations [18] [19] [20] [21] . The iodine-substituted analogue 5-iodo-2'-deoxyuridine (IUdR) behaves like thymidine (dThd) [22, 23] . IUdR and dThd are phosphorylated intracellularly by thymidine kinase to IUdR monophosphate (IdUMP) and dThd monophosphate (dTMP), respectively. The latter is further phosphorylated in a stepwise reaction and incorporated into the DNA. 5-iodo-2'-deoxyuridine monophosphate can be similarly phosphorylated and incorporated into DNA or it may be dehalogenated by thymidylate synthetase (TS) to dUMP [24] which is further converted to dTMP via the ''de novo'' TS-catalysed reaction. When IUdR labeled with 125 I is incorporated into proliferating cells during DNA synthesis the radio-active decay of 125 IUdR which is retained in the cells and their progeny has been shown to be extremely toxic [18] [19] [20] . 125 IUdR administered intravenously is unlikely to be useful as an antitumor agent because of its nonspecific uptake by all proliferating cells [25, 26] and its rapid dehalogenation in the liver [25, 27, 28] . This problem can be addressed by localizing 125 IUdR to the tumor site by some form of intra-tumoral injection or implantation as described above. Locoregional administration of lUdR labeled with the radionuclides 125 I or 123 I has been shown to be therapeutically effective in mice with intraperitoneal ovarian tumors [29, 30] and in rats with solid brain tumors [31] .
The effectiveness of 125 IUdR depends on efficient utilization of the thymidine analog during DNA synthesis. A number of biomodulators have been investigated to find the most effective for facilitation of analog incorporation into DNA. The antimetabolite methotrexate (MTX) is an effective inhibitor of dihydrofolate reductase and of thymidylate synthase, inhibits de novo synthesis of IUdR, and enhances incorporation of exogenous 125 IUdR into DNA [32] .
For this study we investigated an intra-lesional drug delivery system designed to overcome the problems encountered in the use of 125 IUdR in the treatment of brain tumors. The radionuclide was delivered to the tumor via an injectable thermosensitive hydrogel implant, avoiding dehalogenation and ensuring that 125 IUdR was available for uptake into DNA during several cell cycles while the incorporation of 125 IUdR into DNA was facilitated by the simultaneous release from the hydrogel implant of the biomodulator, methotrexate.
MATERIALS AND METHODS

Preparation of 5-[
125 I]Iodo-2'Deoxyuridine ( 125 IUdR) 125 IUdR was prepared by the method described by Macapinlac et al. [33] . 2-Deoxyuridine (Sigma, 0.5 mg) was dissolved in phosphate buffer (0.5 mL, 0.1 N, pH 7.0) and the solution was introduced into a 3cc serum vial containing 0.25 g of iodogen. After addition of 125 I sodium iodide (740 MBq, 10 L, MDS Nordion), the vial was sealed and heated in a 65ºC oil bath for 15 minutes, manually swirling it every 30 seconds. After cooling, the contents were loaded onto a 1 mL SepPak (Waters, C18), which had been pre-conditioned with ethanol (5 mL) and water (10 mL). The SepPak was subsequently rinsed with water (20 mL) to remove unreacted iodide and 5-iodouracil and the purified 125 IUdR (592-666 Mbq, 80 -90 %) was obtained by rinsing the SepPak with 3-5 mL of ethanol. Samples were concentrated to ~1 mL under a flow of nitrogen at room temperature.
Analysis
Samples were analyzed by reverse phase HPLC (Luna ODS2, 150 x 4.6 mm) using 10: 90 methanol: water (1 mL/min) as the mobile phase. The identity of the labeled sample was verified by comparing the retention time of the labeled product (detected with a sodium iodide detector) to the UV trace of an authentic standard (at 288 nm). The radiochemical purity was routinely greater than 99.9 %.
Preparation of Biosyntech Hydrogel
The autogelling chitosan solution was prepared as previously described [14] . Chitosan (1.7% w/w) was dissolved in 0.1 M hydrochloric acid at room temperature and sterilized by autoclaving (121°C, 20 min) [15] . To the cooled solution chilled aqueous 45% (w/w) ß-glycerophosphate (ß-GP) solution (sterilized by filtration) was carefully added drop-wise to obtain clear and homogeneous liquid solution which was mixed for an additional 10 min at 4° C. The pH of the final cold solutions ranged from 6.9 to 7.2. This clear, autogelling system is proprietary and patented by BioSyntech [16] .
Preparation of BST-Gel TM Loaded with 125 IUdR
200 L aliquots of 125 IUdR, prepared as described, were added to a tube containing 200 l chitosan solution and mixed well on ice. 3 L MTX solution (10mg/mL (Sigma) was added followed by slow addition of 33 L of ß-glycerophosphate with stirring. The 125 IUdR/MTX loaded gel was transferred to a cooled 100 L Hamilton syringe before injection. The actual activity of 125 IUdR injected was 7.0-7.4 MBq based on the count of a standard which was prepared from the same stock as the 30 L used for injection.
Tumor Implantation
All mice were handled according to the guidelines of the Canadian Council on Animal Care according to a protocol approved by the McGill University Animal Care Committee.
The C6 cell line is a clonal line developed from a rat glioblastoma induced in randomly bred Wistar rats by Nnitrosomethylurea [34] . Transplantation of cultured C6 cells into the brains of rats by stereotaxic procedure produces intra-cerebral tumors representing as closely as possible the characteristics of spontaneous gliomas with good reproducibility [35] . C6/Lac Z cells which constitutively express the LacZ reporter gene were obtained from ATCC. Culture of the C6/LacZ cell line and stereotactic injection of cells to produce an intracranial tumor have been described elsewhere [36] .
IUdR and MTX was injected intra-cranially with a Hamilton syringe using the same co-ordinates which had been used to introduce the tumor cells. The amount of 125 IUdR was 0.037 g per tumor and the total radioactivity was 7.0-7.4 MBq. Following tumor implant the rat was examined daily for behavioral and neurological signs of tumor growth. Signs include decreased alertness, passivity, poor grooming, irritability, fearfulness and neurological deficits such as focal motor deficits and gait disturbance. Animals were sacrificed when 4 of these signs appeared.
Biodistribution and Measurement of Incorporation of 125 IUdR into DNA
Rats treated with 125 IUdR were sacrificed by CO 2 inhalation 1, 3, 8 and 11 days after treatment. The brain hemisphere containing the tumor, the contralateral brain hemisphere, liver, kidney spleen and heart were removed, weighed and 50-100mg tissue samples were taken from each organ and stored at -80 0 C until processing. The tumor was dissected from the brain and weighed and at the same time the solid hydrogel pellet containing 125 IUdR/MTX was dissected out and removed.
For processing tissues were minced with scissors and digested overnight at 55 o C in 0.5 ml 50 mM Tris, 10 mM EDTA, 0.5%SDS, pH 8.0 containing 0.5 mg proteinase K. At this point any remaining fragments of the solid hydrogel pellet could be identified and removed since they are resistant to digestion. An aliquot of the homogenous digest obtained was counted in a gamma-counter (Cobra II AutoGamma Counting System, Packard, Canada) against standards of the injected activity.
The remainder of the digest was used for the extraction of DNA by the phenol-chloroform-isoamyl alcohol method. Precipitated DNA was dissolved in 0.5ml of water and the DNA-incorporated activity was determined by gamma counting. Standards prepared at the time of 125 IUdR implant were counted at the same time. The yield and purity of DNA were determined spectrophotometrically at 260nm and 280nm. The total amount of DNA-incorporated activity in liver, kidney, spleen heart and brain was calculated on the basis of the sample size and organ weight.
Statistics
Kaplan-Meier survival curves were derived from rat survival times and plotted for each group. The groups were compared overall using the log-rank test, and were considered as significantly different if the test provided a result lower than 0.05. PASW Statistics 18 for Windows & Vista (formerly SPSS Statistics, published by SPSS Inc.) was used for statistical analysis.
RESULTS
Biodistribution and Incorporation of 125 IUdR into DNA
After implantation of the hydrogel containing 125 IUdR + methotrexate rats were sacrificed at intervals up to 11 days after implant and organs were collected for determination of content of radioactivity. Table 1 shows the results for whole tissue extracts expressed as per cent of injected dose per gm of tissue. The highest amounts of 125 I were found in the tumor at one day after implant, levels subsequently declined but there was still 10% of injected dose/g present at 8 and 11 days after implant. For the other organs sampled the greatest amount of radioactivity on Day 1 after implant was in the spleen (5% injected dose/g compared with 1-2% for the other organs sampled).
The proportion of the radio-activity which is bound to DNA is shown in Table 2 . At Day 1 after implant the amount of 125 IUdR incorporated into DNA for the tumor and other represented 60-80% of the total radioactivity in whole tissue extracts. With increasing time after implant the total amount of 125 I in tumor and other tissues decreased rapidly (Table 1 ) but the proportion of that activity which was isolated with DNA increased.
Specific activity of DNA (MBq/ g) extracted from the tumor and other tissues is also shown in Table 2 . Specific activity was highest for tumor DNA and for all tissues specific activity fell rapidly between day 1 and 3 after implant.
Survival
The survival of tumor bearing rats that were untreated or treated with hydrogel alone, 127 IUdR/hydrogel, 125 IUdR/hydrogel or 125 IUdR/hydrogel/MTX is shown in Table 3 and Fig. (1) . Intratumoral implant of hydrogel loaded with 125 IUdR resulted in an increase in mean survival time and 20% of treated animals survived for180 days after tumor implant. Addition of MTX to the implant increased the anti-tumor activity of the hyrogel/ 125 IUdR formulation and the number of treated rats that survived to a least 180 days post-implant, was increased to 40%. 
DISCUSSION
From the early 1960s Auger-emitting radio-isotopes have been explored for a variety of applications in biomedical research. The important feature of these radionuclides is their ability to deposit energy in a very small volume and presentation of an Auger emitter ( 125 I or 123 I) as a thymidine analog, which can be incorporated into DNA, is a means for the radionuclide to decay where it can cause massive highly localized damage with a Relative Biological Effectiveness (RBE) relative to x-rays estimated to be 7.3 [37, 38] . The potential of this process to cause highly selective killing of proliferating cells is the basis for the frequent proposition that iodine-125 and other Auger-electron emitting radionuclides could be clinically effective in the treatment of malignant disease.
A group of publications describing results of the therapeutic use of 125 IUdR for brain and spinal cord tumors in animal models are particularly relevant for comparison to the study presented here. In one case the anti-tumor effect of the radionuclide was examined in a rat model of leptomeningeal metastases treated with 125 IUdR administered intrathecally.
125 IUdR (18.5MBq/rat) delayed the median time of paralysis from 9.2 days for controls to 11.2, 12.3, and 15.2 days for single dose, 5 daily injections and continuous infusion groups respectively [39] . In another study 125 IUdR was infused intra-cerebrally into rats bearing a one day old tumor (6.9 MBq) or over a six day period (8.7MBq), into animals with 9 day old tumors. Rats treated with cold IUdR survived for 17-24 days whereas tumor bearing animals treated with 125 IUdR survived for significantly longer and 10-20% were cured [31] . Finally, human rhabdomyosarcoma cells were implanted as a model for leptomeningeal metastases [40] . Treatment commencing at 10 days after implant of 5 x 10 6 tumor cells was by intra-thecal injection of 125 IUdR plus MTX over 12 days. Three protocols were used MTX (31 g) on alternate days, 125 IUdR (7.4 MBq) on alternate days or alternating MTX and 125 IUdR. The last was the most effective protocol and paralysis was delayed for up to 47 days after tumor implant compared with 20 days for saline injection. These investigators recognized the importance of delivery of the radionuclide by prolonged infusion and of the inclusion of an anti-metabolite (methotrexate) for optimization of the incorporation of 125 IUdR into DNA and the prolongation of the therapeutic response.
The protocol described in this paper took a similar approach to optimization of the therapeutic effect of 125 IUdR but proved to be more successful than the treatments of brain and spinal cord tumors described above. Thus, 40% of treated animals were "cured" of their tumors, surviving to 180 days postimplant, this in spite of the fact that the tumors were relatively larger when treated (12 days after implant) and the amount of 125 IUdR was relatively lower, not more than 7.4 MBq/tumor. The relative success of the procedure described here may be attributable to the use of an implanted pellet of hydrogel as delivery vehicle for the 125 IUdR. This continuous release device maintained a significant level of the radionuclide in the tumor over a period of several days and may be more effective in terms of radionuclide delivery than the local injection or infusion methods used in other studies. Treatments were given at 12 days after tumor implant.
Although these results are gratifying the question that remains is, since everything possible had been done to optimize the uptake of 125 IUdR, why was the radionuclide treatment not even more effective? The answer probably is related to the fact that the radionuclide was not incorporated into a sufficiently high proportion of tumor cells and the reasons for this are implicit in the cell kinetics of the C6 tumor. Based on measurements in this laboratory of the morphology of C6 tumors between 10 and 20 days after implant we know that the volume doubling time is 2.5-3.0 days. The cell doubling time however is considerably less. This is indicated by the doubling time of C6 cells in tissue culture which is 18 hours. In addition, the doubling time of C6 cells in vivo can be estimated from the measurements of specific activity of DNA labeled with IUdR label can be lost is by cell division, 22 hours also represents the doubling time of the cycling cells in the tumor. Thus there is a considerable discrepancy between the volume doubling time of the tumor and the doubling time of the cells in cycle. Part of this could be accounted for by the cell loss factor which in C6 which is an unknown quantity, however even taking that into account the results imply that in vivo a sizeable fraction of the tumor cells are not in the Growth Fraction and do not incorporate 125 IUdR. This is a problem which cannot be dealt with by improving radionuclide incorporation with biomodulators nor by improving delivery with biodegradable implants. This conclusion is supported by consideration of the radiation dose per labeled cell. Based on the method described by Kassis et al. 1998 [31] the dose per cell can be estimated from the observed specific activity of DNA ( IUdR relative to x-rays [37, 38] . This result reinforces the conclusion that the uptake 125 IUdR must be heterogenous with a proportion of C6 cells not incorporating any 125 IUdR.
Over the last few years there has been relatively little published on the potential therapeutic application of 125 IUdR. The reasons for this may be related to the difficulties which have described in targeting tumor cells. Another impediment may have arisen as a result of concerns, which have been exacerbated in recent years, about radio-protection and security risks when radio-active isotopes are used in larger than trace amounts. From this point of view the system described has two advantages. Firstly, the hydrogel was chosen as a delivery vehicle because of the ease with which it could be formulated with 125 IUdR. The process requires mixing only with no other manipulation of radio-active material. Secondly, the approach used was more effective than any other reported in the literature while using a relatively small amount of radio-active material, no more than 7.4 MBq per animal. It is clear from the results reported here and elsewhere that cells which are labeled incorporate radio-active material much in excess of the amount required for cell kill. The proportion of cells labeled is related to the Growth fraction of the tumor (number of cells in cycle) which is influenced by the type and size of tumor and should be independent of the amount of 125 IUdR supplied. If this assumption is correct it implies that reduction in the amount of 125 IUdR injected would result in the same number of cells being killed and thus the same level of tumor control. This would of course have to be verified by experiment. If it is correct it would imply firstly that response to therapy using 125 IUdR would not be improved simply by loading in more radionuclide and secondly that the amount of radio-active material used could be further reduced without further affecting the level of tumor control.
CONCLUSION
Using an injectable thermolabile hydrogel as vehicle for 125 IUdR we have achieved a higher level of tumor control in a rat glioma model than has previously been reported. There are indications that tumor cell kinetics place an insurmountable limit on what can be achieved with this therapeutic approach. Nevertheless the extent of tumor control represents a substantial gain on what is achievable by other methods used in the
